To explore microbial mechanisms of straw-induced changes in CO 2 , CH 4 , and N 2 O emissions from paddy field, wheat straw was amended to two paddy soils from Taizhou (TZ) and Yixing (YX), China for 60 d under flooded condition. Illumia sequencing was used to characterize shift in bacterial community compositions. Compared to control, 1-5% straw amendment significantly elevated CO 2 and CH 4 emissions with higher increase at higher application rates, mainly due to increased soil DOC concentrations. In contrast, straw amendment decreased N 2 O emission. Considering CO 2 , CH 4 , and N 2 O emissions as a whole, an overall increase in global warming potential was observed with straw amendment. Total CO 2 and CH 4 emissions from straw-amended soils were significantly higher for YX than TZ soil, suggesting that straw-induced greenhouse gas emissions depended on soil characteristics. The abundance of C-turnover bacteria Firmicutes increased from 28-41% to 54-77% with straw amendment, thereby increasing CO 2 and CH 4 emissions. However, straw amendment reduced the abundance of denitrifying bacteria Proteobacteria from 18% to 7.2-13% or increased the abundance of N 2 O reducing bacteria Clostridium from 7.6-11% to 13-30%, thereby decreasing N 2 O emission. The results suggested straw amendment strongly influenced greenhouse gas emissions via alerting soil properties and bacterial community compositions. Future field application is needed to ascertain the effects of straw return on greenhouse gas emissions.
Introduction
Increasing concentrations of greenhouse gases including CO 2 , CH 4 , and N 2 O in the atmosphere are main contributors to global warming (Nabuurs et al., 2007) . Paddy field is an important source of greenhouse gas emissions (Li et al., 2012; Khan et al., 2013) . As the largest rice producer, China accounts for 30% of the world production (Yan et al., 2012 ). An increase in rice production has been expected to meet the increasing global food demands, potentially elevating CO 2 , CH 4 , and N 2 O emissions from paddy field. Therefore, to control global warming, it is urgent to develop technologies and practices to reduce greenhouse gas emissions from paddy soils while sustaining rice production.
Among various agricultural practices, straw return is widely accepted to increase soil fertility and soil organic carbon (OC) content Liu et al., 2014; Zhao et al., 2016) . China has 13 million ha of wheat-rice rotation cropping system where wheat straw is returned to soil for subsequent rice planting (Zhao et al., 2016) . Several studies have shown that straw return markedly enhanced CO 2 and CH 4 emissions but slightly reduced N 2 O emissions from rice paddies (Ma et al., 2009; Li et al., 2012) . One possible reason is that straw return provides an additional source of readily available carbon (C), which could be easily mineralized, enhancing CO 2 and CH 4 emissions. More importantly, due to increased available C, straw addition could enhance soil microbial activities, accelerating decomposition of soil inherent OC and increasing greenhouse gas emissions Mitchell et al., 2015; Chen et al., 2017) .
Recently, several studies have monitored changes in soil microbial communities following straw return (Zhao et al., 2016; Chen et al., 2017) . Different microbial communities are responsible for specific functions during crop residue decomposition processes. For example, bacteria dominate in the initial phases, while fungi dominate in the later stages of crop residue decomposition (Paterson et al., 2008; Marschner et al., 2011) , with saprotrophic fungi being an important source of soil oxidative enzymes (Cusack et al., 2011) . Moreover, crop residue return significantly affected bacterial community structure and increased the abundances of Bacteroidetes, Betaproteobacteria, and Gemmatimonadetes (Navarro-Noya et al., 2013) . However, the underlying microbial mechanisms of straw influences on greenhouse gas emissions from paddy filed remain unclear. Emissions of CO 2 , CH 4 , and N 2 O from paddy soils involve complicated biological and microbial processes, making understanding the microbial mechanisms difficult (Schütz et al., 1989; Braker and Conrad, 2011; Angel et al., 2012) . However, recently developed barcoded Illumina paired-end sequencing technology provides a cost-effective way to monitor rapid changes in abundances of living taxa of soil microorganisms in response to environmental changes (Lv et al., 2015) . This can be used to study the microbial mechanisms of straw influences on greenhouse gas emissions from paddy soils.
Therefore, the purpose of this study was to explore the microbial mechanisms of straw return influences on CO 2 , CH 4 , and N 2 O emissions using Illumia sequencing technique. Different amounts of wheat straw were incorporated into two flooded wheat-rice rotation soils. Illumina sequencing technology was applied to analyze changes in soil bacterial communities. The specific objective of this study was to 1) determine the effects of straw return at different application rates on CO 2 , CH 4 , and N 2 O emissions and the overall global warming potential (GWP) in two soils under flooded conditions; 2) investigate the responses of bacterial community compositions to straw amendment; and 3) explore microbial mechanisms of straw-induced changes in CO 2 , CH 4 , and N 2 O emissions.
Materials and methods

Soil and straw
Two representative wheat-rice rotation soils were collected from Taizhou (TZ) and Yixing (YX), Jiangsu Province, China. Following collected, soils were air-dried, sieved (2-mm mesh), and homogenized for property analyses and incubation experiment. Soil pH and electricity conductivity (EC) were measured in a water solution with soil:-water ratio of 1:10 (w/v), while total contents of C and nitrogen (N) were determined using an element analyzer (CHN-O-Rapid, Heraeus, German). The two soils varied considerably in pH, EC, and C/N ratio. Soil TZ showed significantly higher pH, EC, content of C, and C/N ratio than soil YX, while content of N was lower in soil TZ than soil YX (Table 1) .
During wheat-rice rotation, wheat straw is commonly returned into paddy soils, which are then flooded for rice cultivation. Wheat straw was collected from the wheat cultivation base of Jiangsu Academy of Agricultural Sciences. After being air-dried, straw was crushed, sieved to pass through a 40-mm mesh, and homogenized prior to amendment to soils. Total contents of C and N in the straw were 46.5% and 0.48%, with C/N ratio of 96.9 (Table 1) .
Soil flooding incubation and chemical analyses
Following preparation, soils were incubated under flooding condition with and without straw amendments for 60 d. Specifically, for each soil, ∼30 kg dry weight (dw) of soil was mixed with Milli-Q water at soil:water ratio of 1:1 for pre-incubation in dark at 25°C for 30 d. Following homogenizing, pre-incubated soil slurry (calculated ∼250 g dw) was transferred into each wide-mouthed glass bottle (diameter 10 cm × height 15 cm). Four treatments were included, i.e., control treatment without wheat straw and straw amendments at 1%, 2%, and 5% by adding ∼2.5, 5.0, and 12.5 g of straw powder into the bottles. Each treatment was performed in triplicate. Following thoroughly mixing, the mixture of soil and straw was added with Milli-Q water to flood the soils with overlying water depth of ∼2 cm. Then a soil porewater sampler (3S-10, Institute of Soil Science, Chinese Academy of Sciences, Nanjing) was vertically inserted into soil depth of ∼10 cm for each bottle. All bottles were then kept open and incubated in dark at 25°C for 60 d, during which water was replenished to maintain overlying water depth of ∼2 cm.
At time intervals of 0, 4, 7, 15, 30, and 60 d during the flooding incubation period, emitted gas samples were collected from the bottles. Briefly, before gas sampling, the bottles were closed with a rubber stopper inserted with a rubber plug for 2 h. After 2-h, gas samples were collected from the headspace air of bottles using a 50 mL air-tight syringe. After gas sampling, bottles were opened for further incubation. Within 1 d after sampling, gas samples were analyzed for CO 2 , CH 4 , and N. Wang et al. Atmospheric Environment 174 (2018) 171-179 N 2 O concentrations using a robotized sampling and analyzing system (Wang et al., 2015a) . At time intervals of 0, 15, 30, and 60 d, soil porewater was collected using porewater samplers after gas sampling and was immediately filtered (0.22 μm) for analyses. Concentration of dissolved OC (DOC) in porewater was measured using a total organic carbon analyzer (Shimadzu TOC-Vcph, Japan). Concentration of ferric Fe (Fe II ) in porewater extracted with 0.5 M HCl was determined by colorimetry with ferrozine (1 g L −1 ) in 50 mM HEPES buffer (pH = 7). Total Fe extracted with 0.25 M hydroxylamine hydrochloride in 0.25 M HCl was also measured using the above method (Ding et al., 2015) . At time intervals of 0, 15, 30, and 60 d, soils in bottles were destructively sampled and freeze-dried prior to property and bacterial community analyses. Basic properties including pH and total contents of C and N were measured using above procedures.
Soil bacterial community analyses using Illumia sequencing
Genomic DNAs of soil samples collected at 0, 15, 30, and 60 d were extracted using a FastDNA SPIN Kit (MP Biomedicals, Solon, OH, USA). Bacterial 16S rRNA gene amplifications were completed utilizing primers that targeted V4-V5 region of the bacterial 16S rRNA gene, i.e., 515F (5′-GTGCCAGCMGCCGCGG-3′), 907R (5′-CCGTCAATTCM TTTRAGTTT-3′). The obtained soil bacterial 16S rRNA samples were subjected to Illumina sequencing. Detailed information on the DNA extraction, 16S rRNA gene amplification, purification, and quantification can be found in Wang et al. (2017) .
Data processing
Emission rates of CO 2 , CH 4 , and N 2 O (R t , mg kg
) at time intervals of 0, 4, 7, 15, 30, and 60 d were calculated according to Eq (1) where C represents the concentration of CO 2 , CH 4 , or N 2 O in the gas samples collected from the headspace air of bottles (μL L −1 ); V represents the volume of headspace of the bottle (mL); P is the atmospheric pressure (KPa, 101.325); M is the relative molecular mass of gases; R is the universal gas constant (8.314 L KPa mol
); T is the thermodynamic temperature (K, 273.15); t is the close time of bottle before gas sampling (h); and m is the weight of dry soil (g) (Wang et al., 2015a ).
The accumulated production of CO 2 , CH 4 , and N 2 O (mg kg −1 soil) was calculated as the area under the time curve of corresponding gas emission rate over the 60-d period.
To illustrate the overall effects of straw amendments on global warming, global warming potential (GWP, mg kg −1 ) was calculated according to Eq (2) where TP CO2 , TP CH4 , and TP N2O are total production of CO 2 , CH 4 , and N 2 O (mg kg −1 soil) during the 60-d period (Nabuurs et al., 2007) .
Illumia sequence data were processed according to Caporaso et al. (2010) . The β-diversity was determined using the weighted UniFrac metric (Lozupone et al., 2005) .
Statistical analyses
Pearson correlations between soil characteristics and greenhouse gas emission rates were conducted. A one-way analysis of variance (ANOVA) was conducted to test the differences in soil characteristics between soils using SPSS Statistics 23.0. Redundancy analysis (RDA) was performed to reveal environmental factors that were important in shaping bacterial community using R software (Oksanen et al., 2013 ). Significant differences in microbial community compositions between soils with various straw return treatments were conducted using R. All diagrams were created using SigmaPlot 10.0.
Results
Kinetics of soil properties
During flooding incubation over 60 d, soil pH, EC, and C/N ratio, , and total Fe in porewater were measured at time intervals of 0, 15, 30, and 60 d (Fig. 1 and Fig. S1 ). For control without straw amendment, soil C/N ratio and concentrations of porewater DOC, Fe II , and total Fe showed little variation during the 60-d period for both soils, while EC of two soils decreased significantly from 61.7-132 to 43-27.5 μs cm −1 after 15-d incubation, but it was stable during 15-60 d. Similar to EC, pH of both soils initially decreased during the first 15 d, then increased during 15-30 d, followed by decreases during 30-60 d. For straw treatments, soil pH generally decreased over the 60-d period, while C/N ratio and concentrations of DOC, Fe II , and total Fe in porewater increased up to 15-30 d, followed by sharp decrease after 30 d. The dynamic of EC in soil YX with straw amendment at 5% was similar to other properties, reaching the maximum at 30 d, while EC in soil TZ with straw amendment at 5% continually increased from 132 μs cm −1 at day 1 to 232 μs cm −1 at day 60. For both soils with straw amendment at 1 and 2%, EC showed less variation during the 60-d period.
Compared to control soils, straw amendment significantly decreased pH of both soils during the 60-d period, and the influence was straw concentration-dependent. For both soils, lower soil pH was observed with straw amendment at 5% than 1% and 2%. Unlike pH, soil EC and C/N ratio and the concentrations of DOC, Fe II , and total Fe in porewater were significantly increased in both soils with straw amendment, with higher amendment rate leading to higher values.
3.2. Effect of straw amendment on soil CO 2 , CH 4 , and N 2 O emissions Emission rates of CO 2 and N 2 O in all treatments from both soils peaked at day 4 or 7, followed by sharp decrease to low levels with further incubation, with soil YX being higher than TZ during incubation ( Fig. 2A; C) . Compared to control, straw amendments at 1-5% increased CO 2 emission rate, with the peak value increasing from 521 to 7895-26680 mg kg
for soil TZ and from 699 to 16983-26758 mg kg −1 h −1 for soil YX, with higher increase at higher rates ( Fig. 2A ). For N 2 O, straw amendments at 1-5% decreased the peak value of N 2 O emission rate from 0.78 mg kg −1 h −1 for control to 0-0.03 mg kg −1 h −1 for soil TZ and from 11.1 to 0-0.05 mg kg
for soil YX, with no difference among application rates (Fig. 2C) . In contrast to CO 2 and N 2 O, soil CH 4 emission stared at day 15, then continually increased for both soils (Fig. 2B) . Compared to control, straw amendments at 1-5% increased CH 4 emission rate, with higher increase at higher application rate. At the end of 60 d, CH 4 emission rate from soil TZ was 0.45 mg kg −1 h −1 for control, being significantly lower than 337-2602 mg kg −1 h −1 at 1-5%. Similarly, from soil YX, CH 4 emission rate was 0.93 mg kg −1 h −1 for control, being significantly lower than 556-3531 mg kg −1 h −1 with straw return.
Over the 60-d period, total CO 2 and CH 4 productions were significantly higher in soil YX than TZ (Fig. 3A and B) . Without straw, total N 2 O production from soil YX was significantly higher than that from soil TZ, with little difference in N 2 O emissions between the two soils with straw amendments (Fig. 3C) . Strong linear relationships (r = 0.97-0.99) were observed between straw amendment rate and Fig. 2 . Temporal changes of emission rates of CO 2 (A), CH 4 (B), and N 2 O (C) from two paddy soils from Taizhou (TZ) and Yixing (YX) without (Control) and with different amounts of wheat straw addition. WS 1%, WS 2%, and WS 5%: wheat straw amendments at 1, 2, and 5% g per g dry soil. Error bars represent standard deviation of triplicated flooding incubation.
CO 2 and CH 4 production from the two soils, confirming that increased straw amendment led to higher CO 2 and CH 4 emissions from flooded paddy soils. In contrast, due to little difference in N 2 O emission between different rates of straw amendments, no relationships were observed between N 2 O production and straw application rates in both soils (Fig. 3C) .
Since opposite influences of straw amendments on CO 2 , CH 4 , and N 2 O emissions were observed, global warming potential (GWP) was calculated using Eq (2) incorporating total CO 2 , CH 4 , and N 2 O emissions. For both soils, compared to control, straw amendments at 1-5% led to sharp increases in GWP, with higher increase at higher application rates (Fig. 3D ). This suggested that straw amendment could lead to an overall increase in global warming. This was because that compared to CO 2 and CH 4 emissions, N 2 O emission from paddy soils was several orders of magnitude lower. The magnitude in decreased N 2 O emission with straw amendment was not comparable with increased CO 2 and CH 4 emissions.
The pearson correlation between soil characteristics and greenhouse gas emissions showed that soil CO 2 and CH 4 production were negatively correlated with soil pH, while positively correlated with soil EC, C, N, C/N ratio, DOC, Fe II , and total Fe. Soil N 2 O production was negatively correlated with soil C, C/N ratio, DOC, Fe II , and total Fe (Table S1 ).
Effect of straw amendment on soil bacterial community compositions
Soil samples collected at day 0, 15, 30, and 60 were subjected to soil bacterial community composition analyses using Illumina sequencing. The major bacterial community compositions in both soils included Acidobacteria, Actinobacteria, Bacteroridetes, Chloroflexi, Firmicutes, and Proteobacteria at phylum level, with Firmicutes being dominant for both soils (Fig. 4) . The major compositions of bacterial community at genus level are shown in Fig. S2 , with Clostridium being dominant.
At day 15 of soil TZ, straw amendments at 1-5% increased the relative abundance of Firmicutes from 41% in control to 54-77%, while decreased the abundances of other bacterial communities. For example, relative abundance of Proteobacteria at day 15 decreased from 18% to 7.2-13% for TZ soil. Similarly, for soil YX, straw amendments at 1-5% increased the abundance of Firmicutes from 28% to 60-71%, while decreased the abundances of other bacterial communities (e.g., Proteobacteria, 18% to 11-13%). The increases in the abundance of Firmicutes in both soils with straw amendments were also observed at days 30 and 60. However, at day 60, the difference in the abundance of Firmicutes between straw application rates 1-5% was insignificant.
With straw amendment at 1-5%, the abundance of Firmicutes in soil TZ and YX at day 60 was 54-58% and 45-47%. At genus level, straw amendments at 1-5% increased the relative abundance of Clostridium.
For example, at day 15, relative abundance of Clostridium increased from 11% to 13-30% for soil TZ and from 7.6% to 21-27% for soil YX (Fig. S2) . Principle component analysis (PCA) based on abundance at species level showed that there were significant differences in bacterial community compositions between the two soils ( Fig. S3; Table 2 ), indicating that soil bacterial community compositions depended on soil type. Further analyses showed no significant difference in bacterial community compositions with flooding for both soils up to day 30, however, significant shifts in bacterial community compositions of both soils were found after day 60 ( Fig. S3; Table 2 ). Compared to control soils, bacterial community compositions of both soils were significantly changed with straw amendments, but varied among the 2 soils ( Fig. S3 ; Table 2 ). Little difference in bacterial community compositions was observed in soil TZ amended with straw at 1-5%. Unlike soil TZ, for soil YX, difference in soil bacterial community compositions was observed between the lower rate (1-2%) and higher rate (5%), but no difference between 1% and 2% rate.
By envfit function (999 permutations), soil pH, EC, C/N ratio, DOC, and Fe II that significantly correlated with the bacterial community Fig. 3 . Relationship between cumulative production of CO 2 (A), CH 4 (B), and N 2 O (C) from two paddy soils from Taizhou (TZ) and Yixing (YX) and wheat straw application rate and the calculated global warming potential for the soils without (Control) and with different amounts of wheat straw addition. WS 1%, WS 2%, and WS 5%: wheat straw amendments at 1, 2, and 5% g per g dry soil.
N. Wang et al. Atmospheric Environment 174 (2018) 171-179 compositions at the species level were selected in PCA analysis (Fig. 5) . These factors together explained 30 and 23% of soil bacterial community composition variation in soil TZ and YX, respectively.
Discussion
Shift in bacterial community compositions with straw amendment
Previous studies have shown that bacterial communities in agricultural soils were shifted by straw amendments (Chen et al., 2017) . We found similar results showing that significant shift in bacterial community compositions occurred to both soils with straw amendment under flooding incubation. The shift was possibly through altering soil characteristics, which could serve as available substrates to microbes (Chu et al., 2007) . Soil characteristics have been reported to be important factors in shaping bacterial community compositions (Lüdemann et al., 2000) .
In this study, the changes in soil pH, EC, C/N ratio, DOC, and Fe II concentrations with straw amendments might shift the bacterial communities (Fig. 1) . Soil pH is a prime variable in shaping soil bacterial communities (Shen et al., 2013; Fierer and Jackson, 2006) . In this study, soil pH was important in shifting the soil microbial communities, contributing 20-27% of the total variation of soil bacterial community compositions in two soils (Fig. 5) . Wan et al. (2015) reported that the C/N ratio was as good as pH in predicting soil microbial communities. We observed that soil C/N ratio was also important in shifting the soil microbial community compositions, contributing 18-28% of the total variation. However, the effect of pH and C/N ratio might be attributed to increased soil DOC that increased soil C/N ratio and decreased soil pH (Kumari et al., 2008) . In addition, Fe II produced by dissimilatory Fe (III) reduction, which coupled to C and N biogeochemical processes in flooded paddy soils (Weber et al., 2006) , explained 19-27% of the total variation in microbial community compositions. Furthermore, EC was important in shifting the soil microbial community, contributing 11-20%. The higher EC with straw amendment would facilitate electron transfer of microbes, altering some taxes abundances and influencing bacterial community compositions. However, the responses of bacterial community compositions to straw varied among the two soils ( Fig. S3; Table 2 ), suggesting that the effects depended on soil type, which determined the amounts and kinds of available substrates. Significant difference in bacterial community compositions in soil YX amended at 1-2% and 5% suggested that straw application rate affected bacterial community compositions for soil with lower C content. However, for soil TZ with higher C content, soil (Control) and with different amounts of wheat straw addition. WS 1%, WS 2%, and WS 5%: wheat straw amendments at 1, 2, and 5% g per g dry soil. Other for bacteria includes the low abundance bacteria (< 0.8%) and the taxonomically-unassigned sequences at class level. Each column represents the mean value of triplicate analyses.
bacterial community composition was not affected by straw application rate. This suggested that inherent available C in soil TZ was probably sufficient to support the microbial growth regardless of straw addition.
At phylum level, while the relative abundances of Firmicutes increased with straw amendment, the relative abundances of Proteobacteria decreased with straw amendment. Microbes belonging to Firmicutes and Proteobacteria have been shown to play important roles in OC decomposition (Divya et al., 2011; Kanokratana et al., 2011; Bonanomi et al., 2016) .
Enhanced CO 2 and CH 4 emissions with straw amendment
Straw amendment could accelerate microbial C-turnover in soil, thus enhancing soil CO 2 and CH 4 emissions (Bao et al., 2014; Chen et al., 2017) . In this study, CO 2 and CH 4 emission rates were higher with straw amendments compared to control, consistent with previous reports of increased CO 2 and CH 4 emission following straw addition . The higher available substrates (total C and DOC) with straw amendments act as substrates for microbes to produce CO 2 and CH 4 Zheng et al., 2015) . The positive relationships between CO 2 and CH 4 production and straw application rate suggested the promoting effect of available substrates on CO 2 and CH 4 emissions (Fig. 3AB) . Moreover, straw amendments significantly increased the abundance of Fimicutes, which play important roles in OC decomposition (Fan et al., 2014) , further supporting that straw return provided an additional available substrates to produce CO 2 and CH 4 .
In this study, we found that soil CO 2 emission rate was higher at early incubation period, while soil CH 4 emission rate was higher at later incubation period (Fig. 2) . At early incubation, soil OC was oxidized, increasing labile substrates for microbial growth (Wang et al., 2015b; Chen et al., 2017; Zhao et al., 2016) , which increased CO 2 production. For example, the abundance of Fimicutes was increased at early incubation period with higher DOC concentration. The decreased CO 2 production rate at later incubation period suggested declined soil microbial activity. This was related to lower DOC concentrations in soils N. Wang et al. Atmospheric Environment 174 (2018) 171-179 ( Fig. 1) . However, soil CH 4 emission rate was higher at later incubation period. Aerobic organisms were favored at the beginning, while facultative anaerobic or anaerobic bacteria were better adapted in the later stages (Lüdemann et al., 2000) , providing a suitable environment for methanogens. Furthermore, the increased CO 2 and CH 4 production with straw amendment were different between the two soils. Compared to soil TZ, soil YX produced much higher amounts of CO 2 and CH 4 with straw amendment. In soil YX, during the entire incubation period, DOC concentration in porewater was much lower than soil TZ (Fig. 1) , possibly suggesting that OC could be more quickly oxidized and consumed by microbes in soil YX, thus producing more CO 2 and CH 4 . Another possible reason for the lower CH 4 production in soil TZ might be due to its higher competition for H 2 or acetate between methanogens and ferric iron reducers when straw was added (Lovley and Phillips, 1987) . Iron (oxyhydr)oxide reduction might compete for electron with CH 4 production, leading to decreased CH 4 emission. Higher Fe II concentration in soil TZ amended with straw than soil YX was observed (Fig. 1) , supporting the hypothesis.
Decreased N 2 O emission with straw amendment
Compared to soil TZ, soil YX produced higher amount of N 2 O in control, possibility suggesting that higher microbial activity for soil YX, which promoted OC oxidization to supply more N source to produce N 2 O.
In this study, straw amendment significantly suppressed N 2 O emission (Fig. 2C) . However, studies on the effects of straw on N 2 O emission are inconsistent, with decreased N 2 O emission being reported (Ma et al., 2009; . The different effects of straw return on N 2 O emission observed by different studies were likely related to changes in microbial community compositions with straw amendment. Straw addition in paddy soils could alter microbial community compositions and regulate microbial N-turnover, thus affecting soil N 2 O emission (Chen et al., 2017) . However, N 2 O can be produced from several biological processes, including nitrification, denitrification, codenitrification, dissimilatory nitrate reduction to ammonia, nitrate assimilation, and chemodenitrification, which involve different microbial groups (Harter et al., 2014) . Since N 2 O can be the final or intermediate products of denitrification, the shift in microbial community compositions with straw addition could change N 2 O emission via changing the relative abundances of different taxes that underpin N 2 O production and consumption.
An important factor regulating soil N 2 O emission is the availability of soil labile OC, which serves as the energy and C source for heterotrophic denitrifiers. In this study, soils amended with straw showed higher DOC for denitrifying microbes, but with decreased N 2 O emission, suggesting that DOC might not be the main factor controlling N 2 O emission. However, the increased C/N ratio with straw amendments could lower relative abundance of nitrogen and reduce relative abundances of different taxes that underpin N 2 O production, thus reducing N 2 O emission. In addition to C/N ratio, enhanced N 2 O consumption with straw addition might be another factor in reducing N 2 O emission. Straw addition could accelerate microbial C-turnover in soil to form reduction conditions, which could promote N 2 O reduction to N 2 (Bao et al., 2014; Chen et al., 2017) . Previous studies showed that rice straw incorporation remarkably altered soil community compositions, increasing the abundance of nosZ-population to promote N 2 O reduction (Chen et al., 2012) . In this study, straw addition significantly altered bacterial community compositions and increased the relative abundance of Clostridium, which could use nitrate as an electron acceptor during anaerobic conditions and reduce it back to nitrogen gas (Fujinaga et al., 1999) . Further analyses of functional genes controlling N cycling could help to understand the microbial mechanisms of the straw influence on N 2 O emission.
Conclusions
Straw amendment played a vital role in shaping soil microbial community and emissions of greenhouse gases from paddy soils. The present study showed that straw return increased CO 2 and CH 4 emissions from flooded paddy soils, while decreased N 2 O emission. Overall, straw return increased global warming gas emissions. However, this study was a laboratory experiment conducted under flooding condition, which is different from paddy field management. Future studies should use field trial to assess the influence of straw application on greenhouse gas emissions. In addition, to fully understand the microbial mechanisms of straw-induced changed in greenhouse gas emissions from paddy soils, further analyses of functional genes controlling C and N cycling are required.
